One of the most dramatic examples of programmed cell death occurs during Drosophila metamorphosis, when most of the larval tissues are destroyed in a process termed histolysis. Much of our understanding of this process comes from analyses of salivary gland and midgut cell death. In contrast, relatively little is known about the degradation of the larval musculature. Here, we analyze the programmed destruction of the abdominal dorsal exterior oblique muscle (DEOM) which occurs during the first 24 h of metamorphosis. We find that ecdysone signaling through Ecdysone receptor isoform B1 is required cell autonomously for the muscle death. Furthermore, we show that the orphan nuclear receptor FTZ-F1, opposed by another nuclear receptor, HR39, plays a critical role in the timing of DEOM histolysis. Finally, we show that unlike the histolysis of salivary gland and midgut, abdominal muscle death occurs by apoptosis, and does not require autophagy. Thus, there is no set rule as to the role of autophagy and apoptosis during Drosophila histolysis.
Introduction
Programmed cell death (PCD) describes the process by which a cell, through a regulated sequence of events, kills itself. This process is deployed in both plants and animals as a response to cell stress and as a means to eliminate extraneous cells during development (Conradt, 2009; Lockshin and Zakeri, 2007) . PCD can refer to apoptosis, autophagy or programmed necrosis. Apoptosis, referred to as type I PCD, is characterized by caspase activation, cell shrinkage, membrane blebbing, nuclear condensation and DNA fragmentation, and finally loss of adhesion to extracellular matrix and phagocytic engulfment (Kerr et al., 1972) . Autophagy, referred to as type II PCD, involves bulk degradation of organelles and long-lived proteins. Upon autophagy induction, a double membrane vesicle envelops the cytoplasm, then fuses with the lysosome, where its inner membrane and contents are degraded by hydrolases (Yang and Klionsky, 2009 ). Autophagy is not strictly a cell death pathway, as it facilitates the recycling of essential nutrients and energy during periods of starvation, and protects the cell from injuries caused by stress and infection. Finally, programmed necrosis, also known as type III PCD is a nonlysosomal type of cell death that has characteristics of necrosis, but is rarely observed (Clarke, 1990) .
One of the most dramatic examples of PCD occurs during Drosophila metamorphosis. After hatching, the Drosophila larva spends the next 3 to 4 days feeding, growing and developing the imaginal tissues and other primodia which will ultimately form much of the adult body. During metamorphosis, most of the larval tissues are destroyed through PCD in a process termed histolysis (Baehrecke, 1996) . The transitions between developmental stages in Drosophila are controlled by pulses of the steroid hormone 20-hydroxyecdysone (ecdysone) (Riddiford et al., 2000; Thummel, 2001) . A high titer pulse of the hormone triggers the end of the larval stage and the transition to the puparium phase, and a subsequent pulse 12 h later triggers head eversion marking the beginning of the pupal phase (Thummel, 1996) . Pupation lasts approximately 3.5 days, after which the adult fly emerges from the pupal case. Our understanding of the signaling pathway leading to histolysis comes primarily from analyses of the salivary glands, which are destroyed in response to the ecdysone peak at the prepupal/pupal transition, respectively (Lee and Baehrecke, 2001; Lee et al., 2003; Lee et al., 2002b) . Ecdysone binds to a heterodimeric receptor complex consisting of ecdysone receptor (EcR) and ultraspiracle (USP) (Koelle et al., 1991; Thomas et al., 1993; Yao et al., 1992) . This complex enters the nucleus and activates the transcription of the so-called early genes, including Broad-Complex (BR-C), E74A, E75, and E93 (Baehrecke and Thummel, 1995; Burtis et al., 1990; DiBello et al., 1991; Segraves and Hogness, 1990) . The early genes, in turn activate transcription of a larger set of late genes/secondary response genes, which are thought to dictate the specific developmental output of the ecdysone signaling cascade (Thummel, 1995 (Thummel, , 1996 .
Another important player in the timing of salivary gland cell death is the orphan nuclear hormone receptor gene ftz-f1 (βftz-f1), which is transcribed midway through prepupal development, when the ecdysone titer is relatively low (Lavorgna et al., 1993) . In salivary glands, FTZ-F1 functions together with EcR to activate transcription of the early genes and subsequent cell death pathway in response to the ecdysone pulse at the prepupal/pupal transition (Broadus et al., 1999; Woodard et al., 1994) . In addition to its role in salivary gland death, FTZ-F1 was recently shown to play a critical role during the ecdysone-dependent remodeling of fat body cells (Bond et al., 2011 ) mushroom body neurons, and motor neuronsduring metamorphosis (Boulanger et al., 2011 Redt-Clouet et al., 2012; Sullivan and Thummel, 2003) .
Much of the evidence for autophagic cell death comes from studies of salivary gland cell death during metamorphosis, which requires autophagy, although it remains unclear precisely how autophagy promotes death (Baehrecke, 2005; Berry and Baehrecke, 2007; Das et al., 2012) . Additional evidence comes from studies of the midgut, which is destroyed in response to the ecdysone peak at the end of larval development (Lee et al., 2002a) . Like salivary gland death, midgut histolysis also requires a functioning autophagy pathway (Denton et al., 2009 (Denton et al., , 2010 . Less well studied than either salivary gland or midgut histolysis is the destruction of the larval muscles, which occurs first in the thoracic segments at the onset of puparium formation, then about 8-10 h later in the abdominal muscles (Bodenstein; Robertson, 1936) .
Like the salivary gland and midgut, Drosophila produces distinct larval and adult sets of muscles. In the first 24 h after puparium formation (APF) most of the larval muscles have been completely degraded Currie and Bate, 1991) . A small set of muscles persist throughout metamorphosis, serving as templates for the morphogenesis of adult muscles, then die in the first two days after the adult fly ecloses (Dutta et al., 2002; Fernandes et al., 1991; Kimura and Truman, 1990; Roy and VijayRaghavan, 1998) . Among these muscles are the dorsal internal oblique muscles (DIOMs), which lie just underneath the dorsal external oblique muscles (DEOMs) in each hemisegment of the abdomen Wasser et al., 2007) . These latter muscles are one of the few cases where the process of cell death has been examined in any detail during the first day of metamorphosis, when the vast majority of all larval muscles are destroyed (Wasser et al., 2007) . Here, we extend these studies, answering major questions about the process of muscle histolysis, including the role of the ecdysone pathway and the roles that apoptosis and autophagy play in carrying out PCD. We use the DEOMs as a model to examine these issues in more detail, and show that although both autophagy and apoptosis occurs during DEOM histolysis, only the latter is required for muscle degradation. We show that destruction of these muscles is dependent on ecdysone signaling through the EcR-B1 isoform. Further, we show that FTZ-F1, opposed by another nuclear receptor, HR39, plays a critical role in the timing of DEOM histolysis.
Materials and methods

Fly stocks
Fly stocks used were: yw; Dmef2-Gal4 (Ranganayakulu et al., 1996) ; Dmef2-Gal4 was recombined with UAS-GFP-Atg8a (Juhasz et al., 2008) ; Hr39 03508 (Hr39-lacZ) is a lethal lacZ enhancer trap insertion (Allen and Spradling, 2008) ; Hr39 neo8 (Allen and Spradling, 2008) ; UAS-Hr39 (Boulanger et al., 2011) ; UAS-ftz-f1 (Boulanger et al., 2011) ; Mhc weeP26 (Clyne et al., 2003) ; ftz-f1 protein trap (YB0007), from Flytrap (flytrap. med.yale.edu) (Buszczak et al., 2007 
Immunostaining and antibodies
For whole-mount immunostaining of fly tissues, 3rd instar larval, prepupal, or pupal body wall muscles were dissected according to (Budnik et al., 2006) and fixed for 15 min in PBS with 4% formaldehyde. After washing in PBT (1X PBS þ0.1% Triton X-100), samples were incubated overnight with the following antibodies (in PBT): rabbit anti-cleaved caspase 3, 1:300 (Cell Signaling Technology); mouse anti-EcR-A (15G1a), 1:50 (Developmental Studies Hybridoma Bank, DSHB); mouse anti-EcR-B1 (AD4.4), 1:50 (DSHB); mouse anti-EcR-Common (DDA2.7), 1:50 (DSHB); rabbit anti-beta-galactosidase (anti β-Gal), 1:2000 (Cappel) .. After incubation with primary antibodies, the samples were washed in PBT and incubated with Alexa-conjugated secondary antibodies (Molecular Probes, 1:1000) and Alexa 488, 594, or 633-conjugated phalloidin (1:1000) to visualize F-actin (Molecular Probes, 1:1000). Nuclei were visualized by DAPI staining (1 μg/ ml). Samples were washed in PBT and mounted in 1:1 glycerol/PBS and images were acquired with a Leica SP2 laser scanning confocal microscope. For pupal staging, white prepupae were individually selected at 0 h APF and age was determined relative to this point. All animals were maintained at 25 1C.
Feeding protocol, and chloroquine treatment
Unless otherwise noted, all fly crosses and larvae were maintained in vials containing 'standard' food composed of 16.5 g/L yeast, 9.5 g/L soy flour, 71 g/L cornmeal, 5.5 g/L agar, 5.5 g/L malt, 7.5% corn sirup, 0.4% propionic acid, and 1.3% Tegosept. For starvation induced autophagy experiments 3rd instar larvae were individually selected and no more than 20 per experiment were transferred to 'low nutrient food' composed of 0.3X standard food. Likewise, for the rich food diet, no more than 20 larvae were transferred to 'high nutrient food' composed of standard food supplemented with 100 g/L sucrose and 50 g/L yeast. For each genotype, at least 4 larvae from at least two independent vials were analyzed. For drug treatments, chloroquine diphosphate salt (Sigma) was added to the food at 2.5 mg/ml.
TUNEL
TUNEL labeling was performed according to the manufacturer protocol (In Situ Cell Death Detection Kit, Roche). Briefly, prepupae were dissected in PBS, then fixed in 4% formaldehyde in PBS for 15 min. After being washed and permeabilized in PBT, the muscles were incubated for 45 min at 37 1C in the TUNEL reaction. Samples were then rinsed 3X in PBT and 3X in PBS, mounted, and analyzed by confocal microscope.
Transmission electron microscopy
White pre-pupae were marked and aged to the required developmental stage. Pupal muscles were dissected in Schneider's insect medium and fixed using paraformaldehyde and glutaraldehyde (2.5% each) in 0.1 M sodium cacodylate buffer (pH 7.4), followed by three washes in buffer alone. The samples were secondarily stained with 1%OsO 4 for 2 h, washed and incubated with 2% uranyl acetate in 50% alcohol. The samples were then taken through an alcohol dehydration series (50, 75, 94 and 100%), infiltrated using propylene oxide and resin, and embedded and polymerized using Epon 812 (EMS) for 48 h. Ultra-thin sectioning (70-90 nm) was performed using a Leica Ultra microtome UCT. Sections were stained with 1% aqueous uranyl acetate and lead citrate solutions, mounted on grids and imaged using a Tecnai T12 Spirit transmission electron microscope (FEI) equipped with an Eagle CCD camera (FEI). TIA software was used for image acquisition.
Results
Time course of abdominal muscle degeneration
To fluorescently mark the muscles and observe their morphology starting at pupariation, we used a transgenic fly line (weeP26) expressing a GFP-tagged Myosin heavy chain protein (Fig. 1,  Fig. S1 ). Up to 4-6 h APF, neither the DIOMs nor the DEOMs show any signs of deterioration (Fig. 1A, B) . At 8 h APF, however, we observed the first signs of degradation in the DEOMs (Fig. 1C) , which, unlike the DIOMs, begin to round up with disorganized sarcomere structure (marked by GFP-Mhc). By 12 h APF, following head eversion and the transition from prepupa to pupa, the DEOMs are almost completely degraded, with most of the tissue fragmented and dispersed ( Fig. 1D ). At this stage DIOM morphology and GFP-Mhc pattern remain largely intact, although the muscles are thinner and more compact compared to earlier timepoints.
To obtain a more detailed view of the changes in muscle structure during histolysis of the DEOMs compared to the DIOMs, we analyzed the muscles by transmission electron microscopy (EM). At 0 h APF, both the DIOMs and DEOMs have well-ordered sarcomere structures, with clearly defined Z-disc, A-band and I-band ( Fig. 1E and I) . At 4-6 h APF both types of muscles retain their sarcomere structures, although sarcoplasmic reticulum and vesicles appear more frequently in the slightly expanded intermyofibrillar spaces of the DEOMs (Fig. 1F and J) . At 8 h APF the myofibrils of the DEOMs are still present, but are no longer aligned into well-ordered sarcomeres (Fig. 1K) . The DIOMs at the same stage maintain an orderly sarcomere structure (Fig. 1G) . Finally, by 12 h APF, the DEOM myofibrils are mostly degraded (Fig. 1L) , while the DIOM myofibrils are undegraded but abnormally aligned (Fig. 1H) . Combined with the data obtained by confocal microscopy, these EM pictures clearly show that the major part of the DEOM histolysis occurs between 8 and 12 h APF, during which time the muscles disintegrate and the myofibrils are degraded.
Abdominal muscle histolysis is apoptotic, not autophagic
Previous studies of histolysis during Drosophila metamorphosis have shown that both apoptosis and autophagy play different roles during PCD, depending on the particular tissue. We therefore examined the roles of these two processes during DEOM histolysis (Fig. 2, Fig. S5 ). We first stained the abdominal muscles with α-human cleaved caspase-3, which recognizes multiple apoptotic proteins in Drosophila, and serves as a marker for the activity of the initiator caspase Dronc (Fan and Bergmann, 2010) . In control muscles expressing a white dsRNA using the muscle specific Dmef2-Gal4 driver line, neither the DIOMs nor the DEOMs show any caspase-3 staining at 0 h APF ( Fig. 2A) . At 8 h APF however (Fig. 2B) , consistent with previous reports (Wasser et al., 2007) , caspase-3 stains the DEOMs as they begin to histolyze, and the staining persists during muscle fragmentation (Fig. 2C ) through their complete histolysis (Fig. 2D ). During this period the DIOMs never stain positive for caspase-3 ( Fig. 2A-D) . In addition, EM analysis of DEOMs at 8 h APF revealed nuclei with condensed chromatin, one of the hallmarks of apoptosis (Fig. 2M) , although it is notable that the extent of condensation is not as severe as in other apoptotic cell types. This may be due to the unusual size of these nuclei, which have been growing via endoreplication throughout the larval stage. DNA fragmentation, identified by TUNEL, was also observed in DEOM, but not DIOM, nuclei at this time point (Fig. 2O ) further implicating the apoptotic pathway during DEOM histolysis. Finally, we tested whether blocking apoptosis would be sufficient to halt DEOM degradation. Strikingly, overexpression of the caspase inhibitor p35 under control of Dmef2-Gal4 abolished caspase-3 staining and strongly inhibited DEOM histolysis and sarcomere degradation (Fig. 2E-H and P) .
Studies in yeast have identified over 30 ATG (autophagy-related) genes, many of which are conserved in Drosophila and other higher organisms (Chang and Neufeld, 2011; Yang and Klionsky, 2011; Yorimitsu and Klionsky, 2005; Zirin and Perrimon, 2010) . In all eukaryotes, autophagy requires a functioning autophagy-related gene 1 (Atg1) complex. We therefore knocked down Atg1 specifically in muscles to determine whether, like apoptosis, autophagy is involved in the degradation of the DEOMs. In Dmef2-Gal4/UAS-Atg1 RNAi animals we observed no delay in either caspase staining or muscle degradation, which both began at 8 h APF, and continued as in control white RNAi muscles (Fig. 2I-L) . We obtained the same results with RNAi targeting other essential autophagy components Atg5 and Atg18 (data not shown). Additionally, each of these RNAi transgenes strongly inhibited autophagosome formation in larval muscles, indicating that these reagents are effective at blocking autophagy (Fig. S2) . We also tested whether autophagosome formation was altered in the degrading muscles. Double and single membrane vesicles containing cytoplasm were observed in EM from DEOMs beginning at 6-8 h APF, suggesting increased autophagic/lysosomal activity (Fig. 2N, Fig. S6 ). Finally, localization of a GFP-tagged version of the conserved ubiquitinlike protein Atg8 (Mizushima et al., 1998) was altered in the DEOMs relative to DIOMs, although we were unable to discern the formation of GFP labeled autophagosomes in the histolyzing muscle (Fig. S2) . Taken together, these results indicate that while autophagy may be increased in DEOMs, it is not required for either caspase activation or the degradation of this tissue.
Ecdysone signaling is required for abdominal muscle histolysis
Ecdysone signaling has been studied extensively in tissues destined for degradation or remodeling during Drosophila metamorphosis (Bond et al., 2011; Cherbas et al., 2003; Jiang et al., 1997 Jiang et al., , 2000 Lee and Baehrecke, 2001; Lee et al., 2003 Lee et al., , 2002a Lee et al., , 2002b Winbush and Weeks, 2011) . However, the role of this pathway during abdominal muscle histolysis has not been tested. There are three different isoforms of the EcR gene, EcR-A, EcR-B1, and EcR-B2, each sharing the same DNA-binding and ligand-binding domains, but with a unique amino terminus . We first analyzed EcR expression during abdominal muscle degeneration using antibodies specific to either EcR-A or EcR-B1 isoforms. Both DEOMs and DIOMs express EcR-B1 throughout the period of muscle histolysis (Fig. 3A-D) , while EcR-A was not expressed in either muscle type (Fig. S3 ). We did not have an antibody that specifically recognizes EcR-B2, however, an antibody that recognizes all EcR isoforms gave a staining pattern similar to α-EcR-B1 (Fig. S3) , indicating that EcR-B2 is either absent from the muscles or has a pattern of expression similar to EcR-B1. Consistent with the expression data, knockdown of EcR-B1 using Dmef2-Gal4 caused a delay of DEOM degradation and caspase activation ( Fig. 3E-H, Fig. S5 ). Further, knockdown with an RNAi reagent targeting all EcR isoforms resulted in an even more substantial block of degradation (Fig. 3I-J, Fig. S5 ), as did overexpression of a dominant negative EcR-B1 transgene (Fig. 3K-L, Fig. S5 ). Given these results, we cannot rule out the possibility that EcR-B1 and EcR-B2 have some redundancy of function, which could account for the stronger phenotype in the dominant negative or allisoform knockdown experiments.
FTZ-F1 is required for the proper timing of muscle histolysis
The stage specific expression of transcription factors is a critical determinant of the response of cells to the ecdysone signal during metamorphosis. In particular, the orphan nuclear receptor FTZ-F1 is subject to extensive regulation by the ecdysone signaling pathway during the prepupal stage, and is essential for the induction salivary gland histolysis (Thummel, 2001 ). We therefore examined whether FTZ-F1 similarly establishes the response of the abdominal muscle cells to the ecdysone signal. To follow the expression of FTZ-F1, we used the protein trap line YB0007, in which GFPtagged ftz-f1 is expressed under the control of its endogenous promoter and enhancer elements (Buszczak et al., 2007) . At 0 h APF, FTZ-F1-GFP is not expressed in either the DIOMs or DEOMs (Fig. 4A) . At 5 h APF we observed strong FTZ-F1-GFP expression in the DEOMs, but none in the DIOMs (Fig. 4B) . The fusion protein is localized primarily to the nucleus, consistent with its role as a transcription factor. Expression of FTZ-F1-GFP is maintained in the dying DEOMs at 8 h APF, when it also appears in DIOMs, persisting in these muscles through 16 h APF (Fig. 4C-E) . Thus, FTZ-F1 expression is differentially regulated in the dying and persistent muscles, and could therefore be an important determinant of their different responses to the ecdysone signal. To test this hypothesis, we knocked down ftz-f1 specifically in muscles using Dmef2-Gal4, and examined the death of DEOMs. Strikingly, we consistently observed a delay in the activation of caspase and the death of DEOMs in the ftz-f1 RNAi muscles (Fig. 4O-R, Fig. S5 ) compared to white RNAi control muscles (Fig. 4. K-N, Fig. S5 ). In many cases, the DEOMs persisted through 16 h APF with no detectable caspase staining (Fig. 4R, Fig. S5 ). When we overexpressed FTZ-F1, the DEOMs degenerated prematurely, and the DIOMs had significant sarcomere disruption and reduced size (Fig. 4S-V, Fig. S5 ). However, FTZ-F1 overexpression was unable to induce early caspase activity in the DEOMs (Fig. 4S) or any caspase activity in the DIOMs (Fig. 4S-V) , indicating that FTZ-F1 expression alone is not sufficient to trigger apoptosis of the abdominal muscles. It was recently shown that EcR-B1 expression depends on FTZ-F1 expression in the neurons of the mushroom body during metamorphosis (Boulanger et al., 2011) . Given that we demonstrated that both ftzf1 and EcR-B1 are essential for the proper histolysis of DEOMs, we examined the expression of EcR-B1 in ftz-f1 RNAi muscles (Fig. S4) . Unlike the mushroom body system, however, we could not detect changes in EcR-B1 staining upon ftz-f1 knockdown.
HR39 opposes FTZ-F1 function during muscle histolysis
Like FTZ-F1, the nuclear receptor gene HR39 is expressed during metamorphosis in response to ecdysone (Horner et al., 1995) . Both of these factors have a high degree of sequence similarity, can bind to the same DNA sequence, and regulate some of the same genes (Ayer et al., 1993; Ohno et al., 1994) . Interestingly, Hr39 and ftz-f1 are expressed at roughly reciprocal timepoints in the prepupae, and have opposing phenotypes during mushroom body and motor neuronal remodeling (Boulanger et al., 2011 .Redt-Clouet et al., 2012; Sullivan and Thummel, 2003) . We hypothesized that, since FTZ-F1 plays an important role in promoting abdominal muscle histolysis, HR39 might play the opposite role. We first examined the expression patter of Hr39 using a lacZ reporter (Fig. 4F-J) . At 0 h APF, Hr39-lacZ is expressed strongly in the DIOMs, and much more weakly in the DEOMs (Fig. 4F) . At 5 h APF, when FTZ-F1 is present in the DEOMs, but absent in the DIOMs, Hr39-lacZ has the opposite pattern, with only weak expression in the DEOMs and high expression in the DIOMs (Fig. 4G) . From 8-16 h APF Hr39-lacZ expression continues in the persistent DIOMs (Fig. 4H-J) . Next, we overexpressed HR39, and found that it was able to repress DEOM histolysis and caspase activity (Fig. 4W-Z) , much like in ftz-f1 knockdown muscles (Fig. 4O-R) . Conversely, Hr39 mutant larvae prematurely activated caspase, hastening the degradation of the DEOMs (Fig. 5A-E, Fig. S5 ). By 5 h APF (Fig. 5B) , the DEOMs showed strong caspase activity, and the muscles were almost completely degraded by 8 h APF (Fig. 5C) . However, reduced Hr39 had no apparent effect on the DIOMs (Fig. 5A-E) . Finally, we examined the effect of muscle specific ftzf1 knockdown in the Hr39 mutant animal to determine the epistatic relationship of the two genes. With respect to DEOM degradation, we found no difference between ftz-f1 knockdown in the Hr39 mutant trans-heterozygotes (Fig. 5K-O, Fig. S5 ) compared to ftz-f1 knockdown in control Hr39/þ heterozygotes ( Fig. 5F J, Fig. S5 ). That is, ftz-f1 knockdown inhibited caspase activity and DEOM histolysis, irrespective of the Hr39 background. Altogether, we conclude that ftz-f1 is epistatic to Hr39, consistent with the view that FTZ-F1 expression is the ultimate determinant of DEOM death during metamorphosis.
Discussion
Ecdysone signaling is essential for histolysis of salivary gland and midgut, as well as for tissue remodeling during Drosophila metamorphosis (Bond et al., 2011; Cherbas et al., 2003; Jiang et al., 1997 Jiang et al., , 2000 Lee and Baehrecke, 2001; Lee et al., 2003 Lee et al., , 2002a Lee et al., , 2002b Winbush and Weeks, 2011) . However, the role of this pathway during abdominal muscle death had not previously been tested. There has been at least one report of ecdysoneindependent PCD during metamorphosis (Hara et al., 2013) raising the possibility that muscle histolysis could be due to a different signaling pathway. In this study, we found that by knocking down all EcR isoforms specifically in the muscles, we could block muscle degradation, and that ectopic expression of a dominant negative EcR-B1 isoform had the same effect, indicating that the ecdysone pathway functions cell-autonomously in the muscle to promote cell death during metamorphosis.
There are three different isoforms of the EcR gene, EcR-A, EcR-B1, and EcR-B2, each sharing the same DNA-binding and ligandbinding domains, but with a unique amino terminus . The different temporal and spatial expression patterns of EcR-A and EcR-B isoforms are thought to reflect their distinct functions during development (Davis et al., 2005; Truman et al., 1994) . EcR-B1 is expressed primarily in larval cells that are destined for histolysis, while EcR-A is expressed primarily in imaginal tissues destined for differentiation into adult structures . Thus the response of salivary glands and midgut to ecdysone during metamorphosis is dependent on EcR-B1 (Bender et al., 1997 ).
Nonetheless, EcR-A mutants also have a defect in salivary gland histolysis, suggesting that the isoform might also contribute to this process (Davis et al., 2005) . Furthermore, some neurons in the ventral nerve cord and brain that strongly express EcR-A undergo apoptosis in response to ecdysone soon after eclosion, suggesting that ecdysone induced PCD is not strictly a function of EcR-B1 signaling (Kato et al., 2009; Robinow et al., 1993) .
We examined expression of both EcR-A and EcR-B1 isoforms and found that only EcR-B1 was detectable in the DIOMs and DEOMs during pupariation. Consistent with its expression pattern, knockdown of EcR-B1 specifically in the muscle inhibited DEOM histolysis. The inhibition achieved with the EcR-B1 isoform RNAi was not as strong as with RNAi targeting all isoforms, or with overexpression of the dominant negative EcR-B1. This could be due to either differences in the efficiency of knockdown or to a role for EcR-B2 in DEOM degradation. Taken together our data strongly supports the view that, like in salivary glands and midgut, ecdysone signals through EcR-B1 to induce cell death in abdominal muscles. However, given that both DIOMs and DEOMs express EcR-B1 at the same time, the presence of the receptor is not sufficient to explain why only the latter muscles are degraded.
Another important player in the timing of salivary glands cell death is the orphan nuclear hormone receptor gene ftz-f1, which is transcribed midway through prepupal development, when the ecdysone titer is relatively low (Lavorgna et al., 1993) . FTZ-F1 has been hypothesized as a competence factor, directing the subsequent genetic responses to the ecdysone pulse at the prepupal/ pupal transition (Broadus et al., 1999; Woodard et al., 1994) . Thus FTZ-F1 is required for the induction of salivary gland histolysis. In contrast, the midgut does not express ftz-f1 prior to its earlier ecdysone induced cell death (Lee et al., 2002a) , indicating that FTZ-F1 is not required for all histolysis during Drosophila metamorphosis. We found that despite the fact that the timing of muscle histolysis is similar to that of the midgut, the function of ; Dmef2-Gal4/UAS-ftz-F1 RNAi larvae show also show a delayed degradation phenotype, more like the ftz-f1 RNAi than the Hr39 mutant.
FTZ-F1 was more like in the salivary gland, as FTZ-F1 was observed in the DEOMs starting at 5 h APF, prior to caspase activation at 8 h APF. Furthermore, ftz-f1 was required for proper muscle histolysis, as knockdown cell-autonomously delayed caspase activation and death in the DEOMs.
These results raised the possibility that the presence of FTZ-F1 in the DEOMs, but not in the DIOMs, determined the different response of these muscles to ecdysone. However, overexpression of FTZ-F1 in the DIOMs, while causing severe muscle degeneration, was unable to induce caspase activity or cell death. Nor could the presence of HR39 in the DIOMs account for the different response of the muscles to ecdysone. Although we observed a reciprocity of HR39 and FTZ-F1 expression in the DIOMs and DEOMs, Hr39 mutant DIOMs still persist through metamorphosis. We conclude that FTZ-F1 and HR39 expression determine the timing of the abdominal muscle response to ecdysone but that these factors do not change the nature of the response.
It was recently shown that EcR-B1 expression is regulated by FTZ-F1 and HR39 in mushroom body neurons and abdominal motorneurons during metamorphosis (Boulanger et al., 2011 . Our observation that EcR-B1 promotes muscle degeneration is consistent with the finding that EcR-B1 promotes post-synaptic dismantling in the motor-neuron, and supports the notion that muscle degeneration is instructive on motor neuron retraction. However, we show that even though both ftz-f1 and EcR-B1 are essential for the proper histolysis of DEOMs, there was no change in EcR-B1 staining upon ftz-f1 knockdown as was observed in the mushroom body system. This suggests that changes observed in the muscle synapse due to ftz-f1 knockdown are not the result of a downstream effect on EcR-B1 expression in the muscle cell. Thus, the regulatory relationship between FTZ-F1, HR39 and EcR-B1 in early pupal abdominal muscles is distinct from the relationship reported in neurons.
This suggests that there is an additional unknown factor whose expression dictates the fate of the DIOMs or DEOMs. This factor is unlikely to be either of the nuclear proteins EAST or Chromator (Chro), which were previously identified as having opposing effects on the destruction of the abdominal DEOMs during metamorphosis (Wasser et al., 2007) . Breakdown of DEOMs was incomplete in Chro mutants, and promoted in east mutants, leading to the proposal that Chro activates and EAST inhibits tissue destruction and remodeling. However, neither east nor chro alleles cause histolysis of the DIOMs, nor do they alter caspase activation in either DEOMs or DIOMs. Rather these genes may affect the timing of muscle histolysis through a function downstream of PCD induction. We propose that there must be an additional factor present in the DIOMs which inhibits EcRB1 signaling from inducing PCD, or alternatively, a factor present in the DEOMs, which permits EcRB1 to activate a death program. The identification of this factor will be a focus of future studies.
The previously reported cleaved caspase-3 staining in the DEOMs is, to our knowledge, the only data addressing the nature of abdominal muscle PCD prior to our study. We aimed to address whether muscle histolysis is apoptotic, autophagic or some combination of both. During salivary gland histolysis, several autophagy related genes (ATGs) are upregulated (Gorski et al., 2003; Lee et al., 2003) , and mutations or knockdown of these ATGs specifically in the salivary gland inhibit the destruction of the tissue (Berry and Baehrecke, 2007) . Caspase activation also occurs in the histolyzing salivary glands, but overexpression of the caspase inhibitor p35 only partially blocks salivary gland degradation (Lee and Baehrecke, 2001) . Simultaneous inhibition of both autophagy and apoptosis in the salivary gland produces the strongest inhibition of death, suggesting that both pathways contribute to histolysis of this tissue (Berry and Baehrecke, 2007) . In contrast to salivary gland histolysis, midgut histolysis requires autophagy but not caspase activity. Mutations or knockdown of ATGs inhibit midgut death, but p35 expression has no effect (Denton et al., 2010 (Denton et al., , 2009 ). Based on these two model systems, it appears that there is no set rule as to the role of autophagy and apoptosis during Drosophila histolysis.
Our data serves to further highlight how distinctive PCD for each of the tissues undergoing histolysis. We found that DEOMs stain positive for cleaved caspase-3, consistent with previous reports. We also observed TUNEL positive staining and chromatin condensation in the DEOMs at 8 h APF, both markers of apoptosis. Importantly, we were able to suppress DEOM degradation by overexpression of the pan-caspase inhibitor p35, indicating that unlike the midgut, muscle histolysis is apoptotic. To determine whether the muscle PCD was autophagic in nature, we examined the DEOMs by EM. Although we observed some autophagic vesicles in the dying muscles, they were not abundant, nor were GFP-Atg8 localization to autophagosomes examined by confocal microscopy. We knocked down several essential components of the autophagic machinery, and observed no effect on the timing or extent of DEOM histolysis. Although knockdown efficiency is always a concern with RNAi experiments, each of the transgenes was able to strongly inhibit autophagosome formation in larval muscles. We are therefore confident that autophagy is not required for DEOM PCD, putting the abdominal muscle in the unique category of non-autophagic histolysis. In future studies it will be interesting to compare muscles, salivary gland, and midgut to determine why each tissue has a distinctive type of PCD.
